Objective: To evaluate the possibility that measurement of the magnitude and distribution of fundamental somatic heatproducing units using dual-energy X-ray absorptiometry (DXA) can be used to estimate resting energy expenditure (REE) in both young and elderly women with different aerobic fitness levels. Subjects and methods: Peak oxygen uptake (VO 2 peak) and REE m were directly measured in 116 young (age: 22.3±2.1 years) and 72 elderly (63.3 ± 6.4 years) women. The subjects were divided into four groups according to categories of age and VO 2 peak; young: high fitness (YH, n ¼ 58); low fitness (YL, n ¼ 58); elderly: high fitness (EH, n ¼ 37) and low fitness (EL, n ¼ 35). Using DXA, systemic and regional body compositions were measured, and REE e was estimated from the sum of tissue organ weights multiplied by corresponding metabolic rate. Results: Although there were remarkable differences in systemic and regional body compositions, no significant differences were observed between REE m and REE e in the four groups. REE e significantly correlated with REE m in elderly as well as young women; the slopes and intercepts of the two regression lines were statistically not different between the elderly and young groups (elderly: y ¼ 0.60x þ 472, r ¼ 0.667; young: y ¼ 0.78x þ 250, r ¼ 0.798; Po0.001, respectively). A Bland-Altman analysis did not indicate bias in calculation of REE for all the subjects. Conclusion: These results suggest that REE can be estimated from tissue organ components in women regardless of age and aerobic fitness.
Introduction
Resting energy expenditure (REE) accounts for 60-80% of total daily energy expenditure and is the basis for estimating the energy requirement. In the field of energy metabolism, early investigators showed intense interest in establishing the determinant factors of REE (Cunningham, 1980 (Cunningham, , 1991 Nelson et al., 1992) . To date, some earlier studies demonstrated that body mass, especially fat-free mass (FFM), has been a useful candidate in estimating REE (Ravussin and Bogardus, 1989; Fukagawa et al., 1990; Tataranni and Ravussin, 1995) .
Changes in body weight (BW) including fat mass (FM) and FFM may be caused by various factors, such as biological aging, decreasing physical activity levels, nutritional status and health condition. Particularly in women, the menopause is also associated with increased body mass accompanied by elevated adiposity (Fukagawa et al., 1990; Svendsen et al., 1995; Guo et al., 1999) . Svendsen et al. (1995) have noted that postmenopausal women had significantly larger amounts of fat deposition, a higher abdominal fat distribution and lower lean tissue mass, including skeletal muscle, bone and intestinal organs than premenopausal women.
Very little is known as to whether aerobically higher fitness individuals have higher metabolic rates in resting state. Ravussin and Bogardus (1989) reported that maximal O 2 uptake was not related to resting metabolic rate in nondiabetic, non-trained Pima Indians. However, they demonstrated that resting metabolic rate was significantly higher in well-trained men, when compared with sedentary men matched for BW, FFM and age (Ravussin and Bogardus, 1989) . Thus, the question whether aerobic fitness level relates to REE remains unanswered.
Dual-energy X-ray absorptiometry (DXA) can easily and accurately assess the body composition, including bone mineral content (BMC), FM and FFM of the whole body and segments. Recently, Hayes et al. (2002) demonstrated that REE can be estimated from the summed heat productions from the weights of the brain, skeletal muscle mass (SM), adipose tissue (AT), bone and tissue organs by DXA. In view of the finding of Hayes et al. (2002) , we decided to evaluate the possibility that measurement of the magnitude and distribution of fundamental somatic heat-producing units using DXA can be used to estimate REE in both young and elderly women with different aerobic fitness levels.
Materials and methods

Subjects
In total, 127 young women (age: 22.4 ± 2.2 years) and 83 elderly women (61.7±8.1 years) were recruited for the study. Subjects who had too low and high body mass index (BMI o18.5 and BMI 430 kg m
À2
) and had used medications that affect bone and estrogen replacement were eliminated from the analysis. Hence, 116 healthy young women (22.3±2.1 years) and 72 healthy elderly women (63.3 ± 6.4 years) who had passed three years or more (13.5 ± 7.4 years) after menopause were selected for this study. The subjects were divided into four groups according to their aerobic fitness levels relative to BW (VO 2 peak: ml kg À1 min
À1
), and the median of VO 2 peak for each age, which were 36.4 (20-29 years), 27.1 (50-59 years), 25.8 (60-69 years) and 21.0 (70-79 years) ml kg À1 min À1 [young high fitness (YH): n ¼ 58; young low fitness (YL): n ¼ 58; elderly high fitness (EH): n ¼ 37 and elderly low fitness (EL): n ¼ 35]. All subjects were informed about the purpose and possible risks of the study and were then provided written informed consent, as approved by the Ethical Committee at the National Institute of Health and Nutrition in Japan.
Study protocol and direct measurement of REE Participants came to the National Institute of Health and Nutrition in the morning. Subjects were asked to minimize any walking while en route from their home to the laboratory before REE determination. The subjects were restricted to perform any other exercises at least 24 h prior to the testing. The measured REEs (REE m ) was directly measured by open-circuit indirect calorimetry. Measurements were performed between 0700 and 0900 h after 10-12 h of fasting, except water, in a room at constant room temperature (23-25 1C) . After entering the laboratory, subjects rested in the supine position for at least 30 min, and a Hans-Rudolph full face mask (Hans Rudolph Inc., Kansas City, MO, USA) was put on. Two samples of expired air were collected in Douglas bags for a duration of 10 min each, and the mean value was used for the analysis. For young subjects, all measurements were made during the follicular phase of the menstrual cycle. An oxygen and carbon dioxide analyzer (Arco-1000A; Arco system, Japan) was used to analyze the rate of oxygen consumption and carbon dioxide production. The volume of expired air was determined using a dry gas volume meter (DC-5; Shinagawa, Japan) and converted to standard temperature, standard pressure and dry gas. Gas exchange results were converted to REE (kcal day
) using Weir's equation (Weir, 1949) .
Body composition analysis Anthropometric measurements. BW was measured to the nearest 0.1 kg by using an electronic scale (Inner Scan BC-600; Tanita Co., Japan), and height was measured to the nearest 0.1 cm by using a stadiometer (YL-65; Yagami Inc., Japan). BW and height were measured with subjects wearing light clothing and no shoes. BMI was calculated by dividing BW in kilograms by the square of height in meters (kg m À2 ).
DXA. The percentage of fat (% body fat) and BMC of the whole body and appendicular lean soft tissue (LST) were measured by DXA (Hologic QDR-4500 DXA Scanner; Hologic Inc., Whaltham, MA, USA). Manufacturer's software version 11.2 for Windows was used to analyze the % body fat, BMC and LST. FFM and FM were calculated by BW and % body fat.
Test of aerobic capacity (VO 2 peak) Young subjects were habituated to pedaling a dynamically calibrated Monark Model 828E cycle ergometer (Monark Exercise AB, Varberg, Sweden). On the other hand, aerobic capacity in elderly subjects was assessed by a progressive continuous test to exhaustion on a motor-driven treadmill with walking and running. All subjects wore a Hans-Rudolph full face mask. Oxygen consumption and carbon dioxide production of all subjects were measured during the last 30 s of each stage and analyzed using an oxygen and carbon dioxide analyzer. Heart rate was monitored electrocardiographically during the last 15 s of each minute, and a 'steady state' was regarded to have occurred if consecutive readings differed by o3 beats min
. Four criteria were used to determine a successful maximal test: (1) a leveling or plateauing of VO 2 (defined as an increase in oxygen uptake o2 ml kg À1 min
); (2) maximal heart rate 4195 or (220-age); (3) respiratory exchange ratio X1.0 and (4) rating of Determinant factors of REE in adult women C Usui et al perceived exertion X18 (Johnson et al., 2000; Santa-Clara et al., 2006) . VO 2 peak was defined by the attainment of at least two of the four criteria.
Calculation of tissue organ mass and estimation of REE Tissue organ mass was calculated using the previously reported prediction model as follows. Bone mass (BM) was calculated by multiplying BMC times 1.85 (Snyder et al., 1975; Heymsfield et al., 1990) . AT was assumed to be 85% fat , leading to the model based on FM. Thus, AT was calculated by multiplying FM times 1.18. SM was calculated using the prediction model of Kim et al. (2002) 
Estimation of REE (REE e ) was based on the sum of four body compartments (BM, AT, SM and RM) times the corresponding tissue respiration rate as follows. The specific resting metabolic rate of the four compartments was assumed from previously reported data, bone (2.3 kcal kg À1 ), AT (4.5 kcal kg À1 ), skeletal muscle (13 kcal kg À1 ) and residual (53 kcal kg À1 ) (Holliday et al., 1967; Grande, 1989; Elia, 1992; Hayes et al., 2002; Heymsfield et al., 2002) .
Statistical analysis
The data were presented as mean ± s.d. Statistical analyses were carried out with the Sigma Stat 2.03 (Systat Software Inc., CA, USA). A two-way analysis of variance was used to test for interaction effects between the age and aerobic fitness levels among the mean values for the four groups.
Where appropriate, the Tukey test was employed to locate the source of the significant differences. To determine the associations between measured and estimated REE, BlandAltman plots were used (Bland and Altman, 1986) . For all the statistical analyses, the level of significance was defined as less than 0.05.
Results Table 1 presents the comparisons of characteristics, composition of whole body and aerobic fitness levels. BW and FFM were significantly higher in the YH group than in the YL group and EH group. The % body fat tended to be higher in the EL group compared with the other groups, but this interaction between age and aerobic fitness level was just short of statistical significance (age: Po0.001; aerobic fitness level: Po0.001; interaction: P ¼ 0.056). However, no significant interaction in BMI and FM was noted in the four groups. REE m in the YH group was B15% higher than in the other three groups (Table 2) . 
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The absolute and relative values of the weight of the four tissue organs are presented in Figures 1a and b , respectively. SM and BM in YH were significantly higher than in YL, and were also significantly higher in young women than in elderly women of the same fitness category. The absolute value of RM was also significantly higher in YH than in YL and EH. However, no significant interaction in AT was noted among the four groups. When these four tissue masses were expressed as a percentage of BW, SM in YH was significantly higher than in YL, and was also significantly higher in young women than in elderly women of the same fitness category. This result was similar to that for SM mass. The relative mass of AT in EL tended to be higher than in the respective group, whereas no statistical significance in this interaction between age and aerobic fitness levels was observed.
Figures 2a and b present the absolute and relative values of the energy expenditure of the four different tissue organs. Our data noted significant differences in only SM as a percentage of the energy expenditure in the four groups. Specifically, the energy expenditure of SM as a percentage of the whole body in elderly women was lower than in the same fitness category (percentage energy expenditure of RM, AT and BM did not differ among the groups).
Tissue organ-derived REE e was significantly higher in the YH than in the YL and EH groups ( 
Significance was determined by two-way analysis of variance (ANOVA). a Po0.05 vs high-fitness group (same age group) and b Po0.05 vs young group (same fitness category).
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C Usui et al significant difference between REE m and REE e in the four groups. In addition, a significant relationship between REE m and REE e was observed in all subjects (Figure 3) . A BlandAltman analysis did not indicate any bias in the calculation of REE for all subjects (Figure 4 ).
Discussion
The major finding from the present study is that REE in adult women can be accurately estimated from tissue organ components by using DXA regardless of age and aerobic fitness levels.
Measured and estimated REEs
A strongly significant relationship between REE m and REE e was observed in all subjects (r ¼ 0.771, Po0.001; Figure 3 ) and a Bland-Altman analysis did not indicate bias in the estimation of REE (all subjects: r ¼ 0.140; young: r ¼ 0.041; elderly: r ¼ 0.133, NS, respectively; Figure 4 ). Furthermore, our study indicated that REE e was related significantly to REE m in both young and elderly women (elderly:
Po0.001 for both), and the slopes and intercepts of the two regression lines were statistically not different between the young and elderly groups (slopes: t ¼ 1.652; intercept: t ¼ 1.881; NS for both). This suggests the possibility that the difference in the ratio of SM and RM to FFM is important rather than the decline in the specific metabolic rate with advancing age. It is well known that REE decreases after menopause in women, potentially contributing to changes in body composition (Vaughan et al., 1991; Hunter et al., 2001) . It is unclear, however, whether the decrease in REE is a consequence of an age-dependent decrease in FFM, which includes skeletal muscle, bone and tissue organs. In the present study, the absolute REE m s (kcal day
À1
) are B15% lower in the YL, EH and EL groups compared with the YH group (Table 2) . When REE m is expressed in terms of FFM, however, no significant differences in absolute REE m were obtained among the groups (YH vs YL vs EH vs EL: 28.4±2.3 vs 28.4 ± 2.3 vs 28.8 ± 2.7 vs 29.0 ± 2.1 kcal kg À1 day À1 ). This result did not correspond to previous reports on sedentary adult women and men (Van Pelt et al., 1997 Piers et al., 1998) . Van Pelt et al. (1997 and Piers et al. (1998) reported that the effect of age on REE was significantly negative in healthy sedentary adults, even after adjusting for age-related differences in body composition. On the basis of the different tissue masses and their specific metabolic rates (Elia, 1992) , Gallagher et al. (1998 Gallagher et al. ( , 2000 examined the relationship between REE and body composition divided into numerous tissues and organs. In addition, Hayes et al. (2002) investigated whether the REE can be calculated from the summed heat productions from the weight of tissue organs estimated by DXA. Their study showed that no bias was detected between measured and predicted REEs (Hayes et al., 2002) .
Aerobic fitness level and body composition Our present data showed that the aerobic fitness level in the elderly was B30% lower than in young adults in both highand low-fitness level groups. The reduction rate of VO 2 peak/ BW was B7.5% per decade of age. Earlier study showed a 7.5% reduction per decade in VO 2 max for 20-75 years of age (Pollock et al., 1987) . Relationship between the measured and estimated resting energy expenditure. REE m , measured by expiratory gas exchange; REE e , estimated by four tissue organs. REE e ¼13SM þ 2.3BM þ 4.5AT þ 54RM. 
Mean
Figure 4 Bland-Altman analysis. Plots of the differences between REE m and REE e . REE m , measured by expiratory gas exchange; REE e , estimated by four tissue organs.
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In the present study, the % body fat in high fitness or young group was lower than in low fitness or elderly group of the same category, but this interaction between age and aerobic fitness level was just short of statistical significance (P ¼ 0.056). On the other hand, FFM was significantly higher in YH than in the other three groups, and no significant differences in FFM were noted among the YL, EH and EL groups (Table 1) . These findings are in accordance with earlier studies (Van Pelt et al., 1997 , suggesting that keeping aerobically fit can prevent an increase in % body fat with aging.
Our present study also focused on the weight or energy expenditure of DXA-estimated tissue organs, as a component of the whole body, to assess the relationship between FFM and REE m . The percentage of AT mass suggested that keeping a high aerobic fitness level may suppress the age-related increase in total body fat. In contrast, SM decreases in elderly women regardless of their aerobic fitness levels (Figures 1a  and b) . These results suggested that, in elderly women, it could be difficult to prevent a decrease in the volume of skeletal muscle, by performing aerobic exercise, such as swimming, walking or jogging. Resistance exercise should be combined with aerobic exercise for elderly women.
Limitations
Our investigation has a few limitations. First, the weight of tissue organs could not be directly measured by using apparatus, such as a magnetic resonance imaging. Second, we did not observe directly the magnitude of the summed heat produced by the tissue organs. Third, we did not test middle-aged (30-49 years) adults. Future studies should widen the characteristics of the subjects to include lean and obese adults or middle-aged adults. Future studies are needed to extend these observations and to analyze genderrelated, hormonal, ethnic and other determinant factors of REE.
In conclusion, the present investigation demonstrated that estimation of the four tissue organs by using DXA allows successful calculation of REE in female adults regardless of age and aerobic fitness levels. The findings suggest the possibility that REE is regulated mainly by the mass of the tissue organs with lower and higher metabolic rates, including skeletal muscle and intestinal organs, rather than a decline in the specific metabolic rate of different tissue organs associated with advancing age and decreasing aerobic fitness levels in young and elderly women.
